ABSTRACT
Introduction
Axle counter is one of the most important railway signaling devices, in detecting the train wheels and determining the clearance or occupation of a track section. The detector senses the wheels through evaluating the changes in the magnetic coupling between the coils placed at either rail sides.
With increasing the application of power electronic and semiconductor devices in railcars, the radio based communication systems, and magnetic braking systems, the electromagnetic noises in the railway environment has faced with a considerable increase in the electromagnetic interference sources. These sources may affect the track side signaling equipment, such as axle counters, track circuits, balises and etc., and degrade their safety and performance. Therefore, it is important to consider appropriate protection and/or mitigation approaches. The noise reduction is especially indispensable in the case of the axle counter, which is one of the most important railway signaling devices for accurate and safe train detection and control systems.
Different parameters which affect the performance of the axle counters in proximity of electromagnetic interference sources are needed to be investigated. The working frequency, current and voltage amplitudes, sensors orientation, shielding of the sensors and their connections and also software and hardware based signal processing algorithms, are from the areas which need to be investigated and studies in detail. In this paper, optimizing the orientation of magnetic sensors' coils to improve the signal to noise ratio of the sensor output signal and improving its mitigation against the interfering signals is investigated.
Different optimization algorithms are used by researchers in different applications so far, from which genetic algorithm, response surface methodology (RSM), simulated annealing and tabu search are just a few examples. Kleijnen in [1] and [2] , and Myers and Montgomery in [3] provide and extensive overview on optimization methods and their applications. Among the various optimization approaches introduced by researchers, the response surface methodology, RSM, due to its advantages and capabilities is chosen.
The important point about RSM is that in this method a large amount of information are extracted from a small number of experiments. In contrast with classical methods in which a large number of experiments are required to explain the behavior of a system and are time consuming.
Response surface methodology is a combination of mathematical and statistical techniques for analyzing computational experiments. The analysis of experiments uses a metamodel (also called response surface), which is an approximation of the I/O function of the experiment; i.e., the experiment yields I/O data that are used to estimate this function. Due to the existence of infinite relative orientations of the sensor coils, Kriging method which is one of the response surface methodologies is applied in order to analyze the whole range of orientation of the coils and introduce the optimum orientation.
Because of the difficulties in testing the sensors in all possible positions and orientations, finite element modeling, FEM, approach is utilized. The data provided by FEM, is fed to Kriging method. The approach and resulting algorithms are validated by testing on real system.
Railway Axle Counter
An axle counter system is used for counting the number of train axles coming in and going out of a section of rail track. The system consists of sensor coils for detection of the train wheels, electronic unit (electronic junction box) for signal conditioning and counting of the wheels and evaluator unit which compares the number of the wheels entering the rail section and the wheels exiting the section. The comparison result approves that the section is clear of the train or it still is occupied by a train (Figure  1) . Axle counter detector makes use of electromagnetic flux linkage between two coils mounted on either side of the rail, to detect the passage of the wheels. To analyze the system's behavior, its simplified magnetic equivalent circuit can be used. Magnetic equivalent circuit of system in presence and absence of wheel is shown in Figure 3 . In this model the reluctance R i is defined as R i = l/μA and the magnetomotive force F as F = NI, where l is the mean length of the flux path around the coil, A is the mean cross sectional area of the flux path, µ is permeability of the material and N is number of coil turns and I is amplitude of coil current.
The permeability of air is about 4π  10
, while the permeability of the rail and wheel is much higher. In this model the reluctance of the wheel and rail is considered to be zero.
The magnetic flux generated by the transmitting coil flows through the path with lower reluctance. In the presence of the wheel, the magnetic path is shaped through the wheel and rail, causing less flux flow in the receiving coil and hence lower induced voltage in the receiver.
In order to detect the passage of a wheel, the induced voltage in the receiving coil is monitored continuously and its changes beyond some predefined threshold is interpreted as existence or absence of a wheel. In other words, the wheel detector detects the wheel when the amplitude of induced voltage in the receiving coil is less than a threshold level, as shown in Figure 4 .
Van Alphen in [4] and Bloomfield [5] mentioned that axle counters can get affected by the magnetic fields close to the rails and also from the magnetic fluxes emitted from the train or caused by the traction return current. In addition in converter-fed traction drives, the repetiTransmitter Receiver tive charging and discharging currents which flow in the rail can appear as electromagnetic interference at multiples of the converter modulation frequency. This type of interference has been detected during regenerative braking. Practical measurements have shown that transient rail current values can reach 10 A [6] . This interference can cause the sensor to count, taking the system to failure mode, where the number of wheels entering the block will not be the same as the number of wheel exiting it.
In order to reduce or eliminate the effect of noises on induced voltage, voltage amplitude difference in the presence and absence of a wheel (ΔV), should be as great as possible. Having fixed the transmitting coil voltage, frequency and also the number of coils' turns, induced voltage in the receiver depends on the relative orientation of the coils. Optimum orientation of sensors is where ΔV has its maximum value, in which the highest signal to noise ratio for a particular level of noise can be achieved. In fact, greater ΔV in no-interference and noise conditions, results in higher sensor detectability of the wheels and less sensitivity to the noise.
Modeling of Axle Counter System by FEM
The Finite Element Method (FEM) is a numerical technique for finding approximate solutions of partial differential equations as well as of integral equations.
By using the FEM, the original boundary-value problem with an infinite number of degrees of freedom convert into a problem with a finite number of degrees of freedom. Then a system of algebraic equation obtain. And finally, solution of the boundary-value problem achieve by solving the system of equations.
The FEM is used to determine the electromagnetic field around the sensor coils and also the induced voltage in the receiving coil. This provides the opportunity to model the system in a variety of coil orientations.
In order to validate the model developed in FEM (Figure 5) , the FEM results are compared with experimentally measured induced voltages in different sensor arrangements. Table 1 indicates that the modeled values of induced voltages are in reasonable agreement with the measured ones. Figure 6 shows the laboratory set up of the axle counter sensors, studied in the research work.
The flux density distributions around the receiving coil in presence and absence of the wheel are shown in Figure 7 . When the wheel is located in between of the transmitting and receiving coils, flux magnitude decreases owing to the lower reluctance of the wheel rather than the air, which results in a reduction of the induced voltage in the receiving coil. Additionally, with the presence of the wheel, the flux density direction becomes 
Optimization
Optimization is a method of making the system or the design as perfect, cost effective and/or qualified as possible, considering the existing environmental and operational constraints and conditions.
The aim of utilizing optimization in the axle counter design, as an electromagnetic system, is to determine the most appropriate orientation and location of the coils relative to the rail and to each other, to provide the maximum affordable sensitivity in detecting the train wheels and at the same time maximum protection against the environmental noises and interferences. In other words finding the set of optimum θ R and θ T values which provides the maximum ΔV.
Different researchers have used highly accurate models such as Finite Element Model with direct optimization algorithms such as differential evolution and Genetic algorithms.
Due to the fact that these approaches are computationally expensive, using statistical approximate models, such as Response Surface Model (RSM) and Kriging model are recommended in some engineering cases [2] .
Kriging Method
Although these approaches are not as accurate as direct optimization methods, but they can be categorized as fast methods. A short explanation on the above mentioned methods is represented as follows:
Response Surface Methodology (RSM)
RSM or Classic RSM is the basic approach to statistical optimization problems, used in various cases by researchers. Assuming a set of n sample points x = {x 1 , x 2 , ···, x n } of an m-dimensional input with and responses y = {y 1 , y 2 , ···, y n } with y i  , the response value y(x) can be expressed as a realization of a loworder polynomial regression model with a random error function. 
where  is the error function and β s are the unknown parameters which are solved by least squares method. To estimate the model parameters, Equation (1) can be written in matrix notation as
where Y is an n  1 vector of observations with respect to n sample points x, X is a known n  m observation matrix, β is an m  1 vector of regression coefficients (unknown parameters), and  is an n  1 error vector with zero mean and covariance C. The vector of least squares estimators,  , can be determined subject to the minimization of
Then the least square estimation (LSE) of β is:
Different researchers have used RSM for optimization of the electromagnetic devices. Due to the constraints of the RSM approach in global approximation [2] , this approach is not suitable for optimizing the axle counter sensors in all their possible orientations.
The authors have investigated the suitability of the RSM approach for optimization of the axle counter coils in [7] . In the mentioned research the range of coils ori- Due to singularity problems in some modes of the LSE estimation process, some researchers have proposed other optimization approaches such as Kriging and MARS methods.
Kriging, also called spatial modeling, is a regression method that is becoming more popular in optimization algorithms due to its advantages in modeling nonlinear surfaces [2] .
Considering the Equation (2), the best linear unbiased estimation of β, has the form of
The above estimation is the minimum variance linear unbiased estimation, which is an optimal estimation in the statistical sense [8] .
The covariance matrix C = [c ij ] can be defined as
where  2 is the variance, R is the correlation matrix and r is the user specified correlation functions. A popular choice for the correlation function, proposed by [13] is:
where m is the number of design variables and α k represents the unknown correlation function parameter vector. Small values of α k smoothen the Kriging prediction, while for large values of α k the Kriging model has accurate predictions around the sampled points over which it is built, and very false predictions elsewhere. Kriging method, besides providing better performances, comparing to RSM, avoids the problem of singularity in matrices. In addition Kriging models are fitted to data that are obtained for larger experimental areas than the areas used in low-order polynomial regression metamodels; that is, Kriging models are global rather than local [2] . This is in contrast with the RSM, which due its low order, suits for problem with local optimization requirements.
Results and Analysis
For the improvement of the signal to noise ratio of the output signal of axle counter sensor, optimal orientation of coils is investigated.
For this optimization problem, ΔV is the objective function, and receiver and transmitter coils' angles (θ R and θ T ) are considered as independent variables (inputs). The ranges of θ R and θ T are −90 to +90 degrees ( Figure  8) .
In the mentioned range of coils' orientation, unlimited relative setups for the coils can be assumed and studied. For evaluation of this range in steps of one degree, a set of 32,400 (=180 2 ) situations needs to be analyzed. Considering the limitations of the FEM method in analysis of such an amount of test points, the above mentioned op- timization methods are highly effective.
To construct an approximation model that can capture interactions between N design variables, a full factorial approach [3] can be used to investigate all possible combinations. A factorial experiment is an experimental strategy in which design variables are varied together, instead of one at a time. The adequacy of the experiments is validated in the accuracy validation stage of Kriging, followed in this section.
Using the Design and Analysis of Computer Experiments DACE software Matlab toolbox [9] , all parameters of Kriging model can be estimated. Figure 9 shows the Kriging response surfaces of ΔV, which is created from the 64 experimental points with full factorial approach.
In order to validate the accuracy of Kriging, the results of the Kriging and that of the FEM analysis for 15 different orientation examples are compared. Figure 10 indicates that Kriging model is a reasonable estimator for this problem. Maximum value of ΔV for Kriging response surface is 840 mV in (θ R , θ T ) = (−45˚, 45˚). Table  2 shows the comparison of the induced voltages between the initial and optimized arrangements with FEM calculations. As the table shows, using the optimization method, a 400 mV larger voltage difference is achieved, comparing to the initial setup used in railway.
In order to investigate the validity of the models and their outputs, the system is installed and tested in Iranian railway lines. Figures 11 and 12 show some sample of the real output signal which is used for post processing and wheel counting purposes. The sensors were installed in different orientations including the (−45˚, 45˚), as was the optimum orientation achieved by the Kriging method.
In this figures the complete axle counter signal for different trains passing through a station is represented. Table 3 represents the minimum ΔV which is provided by various installations. The real output data also approves the optimality of the orientations proposed by the Kriging approach.
One of the main differences of the real system output and the modeled one is in ignoring the effects of the train body and rail current on the receiving coil. This induces a considerable noise on the receiving signals, hence reducing the induced voltage difference for different wheels. The test data shows a ΔV is sometimes reduced to about 500 mV, which is about 300 mV less than what was achieved in the FEM model.
Conclusions
In this paper, combination of FEM and Kriging approaches are used to optimize the railway axle counter Table 3 . Minimum ΔV for different coil orientations. coils orientation, which is more insusceptible to electro magnetic noise than initial arrangement used by some signalers.
As the result shows, larger voltage difference by at least 400 mV is achieved with the optimized arrangement (−45˚, +45˚), compared to the initial arrangement (−40˚, 0˚), which results in reducing the effect of electromagnetic noise in railway axle counter sensor.
The field test results validate the outcome of this research work. Further improvement in the model can be considered by a detailed investigation of the environmental noises and electromagnetic interferences via various sources. As the results show the effects of noises caused by the train body and also by the track circuit current flow through the rails, can reduce the induced voltage level in the receiving coil, by maximum of 30%.
The effect of individual parameters on the system performance can be the subject for further investigation in future.
